Plasma HIV RNA level has been shown to correlate with HIV disease progression, morbidity, and mortality. We examined the association between levels of plasma HIV RNA and cognitive function among patients in Nigeria. A total of 179 HIV-1-infected participants with available plasma HIV RNA results and followed longitudinally for up to 2 years were included in this study. Blood samples from participants were used for the measurement of plasma HIV RNA and CD4+ T cell count. Utilizing demographic and practice effect-adjusted T scores obtained from a seven-domain neuropsychological test battery, cognitive status was determined by the global deficit score (GDS) approach, with a GDS ≥ 0.5 indicating cognitive impairment. In a longitudinal multivariable linear regression analysis, adjusting for CD4 cell count, Beck's Depression Score, age, gender, years of education, and antiretroviral treatment status, global T scores decreased by 0.35 per log 10 increase in plasma HIV RNA [p = 0.033]. Adjusting for the same variables in a multivariable logistic regression, the odds of neurocognitive impairment were 28% higher per log 10 increase in plasma HIV RNA (OR 1.28 [95% CI 1.08, 1.51]; p = 0.005). There were statistically significant associations for the speed of information processing, executive, and verbal fluency domains in both linear and logistic regression analyses. We found a significant association between plasma HIV RNA levels and cognitive function in both baseline (cross-sectional) and longitudinal analyses. However, the latter was significantly attenuated due to weak association among antiretroviral-treated individuals.
Introduction
While the incidence of severe forms of HIV-associated neurocognitive disorders (HAND) has declined remarkably following the introduction of combination antiretroviral therapy (cART), milder forms persist with high prevalence (Heaton et al. 2010) .
As a sine qua non in the etiopathogenesis of HAND, the HIV virus gains entry to the central nervous system (CNS) mainly through trafficking within infected mononuclear cells (Gonzalez-Scarano and Martin-Garcia 2005) . This leads to a cascade of inflammatory events that result in neural damage (Rao et al. 2014) . Progressive neural damage in the brain, attributable directly to the virus or the inflammatory response it induces, results in the neurological syndrome of HAND (Antinori et al. 2007 ).
Levels of plasma HIV RNA, the traditional indicator for viral replication, has been shown to correlate with HIV disease progression, morbidity, and mortality (Mellors et al. 1996) . However, studies have not consistently demonstrated a significant association between plasma HIV RNA and HAND, particularly among patients on cART (Heaton et al. 2011) . In contrast, levels of HIV RNA within the cerebrospinal fluid (CSF) appear to correlate better with HAND (Ellis et al. 1997; Robertson et al. 1998; Ellis et al. 2002) .
Most of the studies failing to show significant association between HAND and plasma HIV RNA were either crosssectional in design or had relatively small sample sizes (Robertson et al. 1998; Stankoff et al. 1999; Ellis et al. 2002) . Thus, there is a need for larger longitudinal studies to comprehensively characterize this association, including across the overall spectrum of HAND. It would also be of interest to determine how findings from HIV low-burden settings compare with results from high-burden settings with distinct HIV subtypes.
In this report, we examined the association between levels of plasma HIV RNA and cognitive function, utilizing repeated measures framework, among a cohort in HIV high-burden and resource-limited setting.
Methods
Study design and participants This was a prospective cohort study conducted in Abuja, Nigeria, between 2011 and 2014. A total of 179 HIV-infected participants with available plasma HIV RNA results and followed longitudinally for up to 2 years were included for the analysis in this study.
In the overall cohort, 216 HIV-infected and 114 HIVuninfected participants were enrolled consecutively from HIV counseling and testing centers at two tertiary facilities in Abuja, Nigeria, i.e., the National Hospital (NHA) and the University of Abuja Teaching Hospital (UATH). All individuals were ≥ 18 years of age, able to communicate in English, and antiretroviral-naïve at enrollment, but subsequently initiated on cART as they became eligible based on the Nigerian treatment guidelines. The participants also had no evidence of active central nervous system (CNS) or systemic disease based on clinical assessment that did not include spinal analysis or imaging studies. There was also no history of significant head trauma, current or history of alcohol abuse, use of other mind-altering substances, or evidence of substance use on urine toxicology screening. Prospective participants were also excluded if they had previous diagnosis of a learning disability or psychiatric disorder. Demographic and clinical information were obtained using standardized questionnaires, a thorough general medical assessment as well as a comprehensive neuropsychological testing. Informed consent was obtained from all participants, and study procedures were approved by University of Maryland Baltimore, NHA, and UATH Institutional Review Boards.
Follow-up Schedule Participants were seen at 6 months, 1 year, and 2 years after their baseline assessment visit. At each of these study visits, the participants had comprehensive neuropsychological assessment as well as clinical evaluation and laboratory tests (plasma HIV RNA, CD4 cell count etc.).
Clinical and laboratory assessments
Neuropsychological assessment A standardized 22 test neuropsychological battery was administered to all study participants by an examiner blinded to the HIV serological status of the participant. Details of these are described in our other reports (Akolo et al. 2014; Royal 3rd et al. 2016; Jumare et al. 2017) . Participants were screened for effort using the Hiscock Digit Memory Test and for depression with the Beck Depression Inventory (Beck et al. 1996) .
Raw test scores from the neuropsychological tests were converted to scaled scores based on the scores of the HIVuninfected controls. Standardized T scores adjusted for age, gender, and education were then generated for each test (with mean of 50 and standard deviation [SD] of 10).
Follow-up scores were also adjusted for practice effect, using HIV-uninfected individuals as controls for the first follow-up visit. HIV-infected participants with stable HIV disease during follow-up (WHO clinical stage 1, stable CDC stage, and plasma viral load change less than 1 log 10 ) were utilized for this adjustment afterwards, as the HIV-uninfected participants were only followed through the second study visit.
Deficit scores (DS) ranging from 0 to 5 (0 = no deficit and 5 = severe deficit) were created for each test from the T scores: T score ≥ 40 = DS score of 0; T score 35-39 = DS score of 1; T score 30-34 = DS score of 2; T score 25-29 = DS score of 3; T score 20-24 = DS of 4; and T score < 20 = DS score of 5. The T scores and deficit scores for individual tests were averaged to generate a mean T score and deficit score for each of the seven domains, and across all tests to calculate a global T score and global deficit score (GDS), respectively. Mean T score below 40 in each domain signified impairment for that domain, while GDS ≥ 0.5 was defined as global neurocognitive impairment (Carey et al. 2004; Blackstone et al. 2012) .
Laboratory testing Whole blood from participants was used for the determination of HIV-1 serological status, measurement of plasma HIV RNA viral load (VL), and CD4+ T cell count. Plasma HIV-1 RNA quantification (VL) was done using the COBAS AmpliPrep/COBAS TaqMan version 2.0 (Cobas Amplicor; Roche Diagnostics, Basel, Switzerland) with a detection limit of 20 copies/mL. CD4 count was measured using laser-based CD4 T-lymphocyte enumeration (Cyflow SL, Partec, Munster, Germany). All tests were performed at the Institute of Human Virology, Nigeria-supported Training Laboratory located at the Asokoro District Hospital, Abuja.
Statistical analysis
Demographic and clinical characteristics were compared between participants with and without cognitive impairment using chi-square, Wilcoxon's, and t tests. Global T scores were compared between participants with low viral load (HIV RNA < 1000 copies/mL) and those with higher levels (HIV RNA ≥ 1000 copies/mL) using t test. Multivariable linear regression models were fit to determine mean change in global and domain T scores per log 10 increase in plasma HIV RNA, adjusting for CD4 count, Beck's Depression Score, age, gender, years of education, and antiretroviral treatment status. Similarly, a multivariable logistic regression analysis was done to assess the odds of cognitive impairment per log 10 increase in plasma HIV RNA, adjusting for the same variables.
Baseline analyses were implemented using generalized linear models, while longitudinal analyses were implemented using generalized estimating equation (GEE) framework with an exchangeable correlation structure. Multivariable conditional logistic regression analysis was also performed to assess within-person associations. All statistical analyses were performed using SAS 9.3 (SAS Institute, Inc.).
Results

Demographic and clinical characteristics
The median age of participants at baseline was 34 years, and females constituted about two thirds of this cohort. Both age and gender did not differ by impairment status. Participants with impairment had a higher median number of years of education when compared to the unimpaired (p = 0.012) ( Table 1) . The median CD4 cell count and hemoglobin were 331.5 cells /mm 3 and 12.1 g/dL, respectively, and these did not differ by impairment status. Mean plasma HIV RNA was significantly higher among the impaired (p = 0.023). The median Beck's Depression Score was 6, also not statistically different between impaired and unimpaired participants ( Table 1 ). The proportion of participants initiated on antiretroviral treatment progressively increased from 45.6% at visit 2 to 58.8% by the last study visit. Antiretroviral treatment status did not differ between the impaired and unimpaired. Proportion of participants with missing plasma HIV RNA measurements ranged from 17.1 to 30.2% between visits 1 and 3. Baseline impairment status did not differ between those with and without plasma HIV RNA measurements during those visits. However, there was marginal evidence of a difference for visit 4 when the study was prematurely closed out with around 40% follow-up accrual (p = 0.05) ( Table 1) .
Association of plasma HIV RNA levels with global and domain-specific cognitive performance
Baseline In a multivariable linear regression model, adjusting for CD4 cell count, Beck's Depression Score, age, gender, and years of education, global T scores decreased by 1.01 per log 10 increase in plasma HIV RNA (lower T score associated with poorer cognition) [95% CI − 1.78, − 0.24; p = 0.01]. For the individual cognitive domains, there was a similar significant decrease in T scores per log 10 increase in plasma HIV RNA for the speed of information processing, executive function, and verbal fluency, as well as a marginally significant decrease for the learning domain. The observed significant decrease in T scores ranged from 1.25 (for executive function) to 1.63 (for The pattern of association for the other domains was in a similar direction but not statistically significant (Table 3) .
Longitudinal Adjusting for the same variables (as above) in a multivariable logistic regression, the odds of global neurocognitive impairment were 28% higher per log 10 increase in plasma HIV RNA (OR 1.28 [95% CI 1.08, 1.51]; p = 0.005) ( Table 3 ). The odds of impairment were also significantly higher per log 10 increase in plasma HIV RNA for the speed of information processing, attention, and executive function domains (ORs 1.37, 1.28, and 1.28; p values 0.01, 0.032, and 0.038, respectively). The association for the verbal fluency domain showed a trend towards significance (OR The participants in this study received simple first-line antiretroviral regimens with a non-nucleoside reverse transcriptase inhibitor (NNRTI) arm (either nevirapine [NVP] or efavirenz [EFV] ) and a nucleoside/nucleotide reverse transcriptase inhibitor (N/NtRTI) arm (either zidovudine [AZT] or tenofovir [TDF] ). Overall, the sum of the CNS penetration effectiveness (CPE) scores of the individual regimens were similar among the treated participants. However, we compared cognitive performance between NVP-versus EFVtreated patients (higher versus lower CPE score) as well as between AZT-versus TDF-treated individuals (high versus low CPE score) and found no significant differences. Data on these were not included because less than 50% of the participants were on antiretroviral treatment during this study (due to the treatment eligibility criteria in Nigeria at that time).
Discussion
In this study, we found a significant association between levels of plasma HIV RNA and neurocognitive performance among treatment-naïve patients at baseline, as well as longitudinally during a 2-year follow-up in a repeated measures analysis framework.
We also showed, utilizing conditional logistic regression methods, an even stronger association for within-person analysis. A valuable strength of such an analytic approach is its intrinsic property to account for some confounding, since individuals essentially serve as their own controls (Connolly and Liang 1988) . Beyond consolidating the findings in the repeated measures framework, which incorporates both within and between person associations, it clearly demonstrates that among participants who actually experience changes in cognitive status and plasma HIV RNA levels, the correlation is significantly enhanced.
Although we found a significant association longitudinally among a cohort of mixed treatment-naïve and treatmentexperienced individuals, the effect sizes were significantly attenuated when compared to baseline associations that explored exclusively treatment-naïve participants. Additionally, the longitudinal findings appear to be driven largely by the baseline associations. In fact, a stratified analysis found no significant association among participants on treatment, but a much stronger association than observed for the combined cohort among those that remained treatment-naïve during follow-up. The repeated measures analysis framework may have the advantage of relating concurrent levels of exposure and outcome, but may also have a disadvantage, with respect to conditions that are relatively unchanging over time, to merely mirror baseline associations. Nonetheless, it does confer significant advantages over cross-sectional analyses.
The failure to observe significant association among treatment-experienced individuals is probably due to the fact that cART has the dramatic effect of lowering plasma HIV RNA to undetectable levels, but only slowly and not always resulting in cognitive improvement. Moreover, the potential neurotoxic adverse effects of cART may mitigate some of its anticipated benefits (Price and Spudich 2008; Cysique et al. 2011; Group 2013). Thus, a likely consequence of cART initiation is to effectively tilt the observed baseline association between plasma HIV RNA and cognitive function towards the null.
Our findings are consistent with other reports. Childs et al. (Childs et al. 1999 ) reported a significantly higher hazard of dementia among patients with baseline plasma HIV RNA above 3000 copies/mL when compared to those with lower levels, during a 10-year follow-up in the Multicenter AIDS Cohort Study (MACS). In another longitudinal study from San Diego, Marcotte and colleagues (Marcotte et al. 2003) found a sixfold higher risk of cognitive impairment among participants with baseline plasma HIV RNA above 4.5 log 10 copies/mL when compared to those with lower levels. Baseline plasma HIV RNA in that study was measured at a median interval of 1 year after seroconversion, and incident cognitive impairment was identified during a median followup period of 3.2 years. While Childs et al. (Childs et al. 1999) only explored the association of plasma HIV RNA with the severest form of HAND, Marcotte et al. (Marcotte et al. 2003) , similar to ours, looked at correlations with the broad HAND spectrum. Looking at associations with milder forms of HAND or the broader spectrum is particularly relevant in this era of widespread use of cART, because of the remarkable decline in the incidence of HAND. Our study differs from both studies by assessing correlations of concurrent plasma HIV RNA and cognitive function. This may confer the unique advantage of potentially accounting for the anticipated longitudinal changes in HIV RNA and cognitive performance following the introduction of cART. Beside these longitudinal studies, Ferrando and colleagues (Ferrando et al. 1998 ), in a cross-sectional study of 130 mixed treatment-naïve and treatment-experienced men, found significantly higher mean plasma HIV RNA level among neuro-psychologically impaired patients when compared to the unimpaired in univariable analysis. Similarly, they also showed a lower proportion of participants with undetectable plasma HIV RNA among the impaired (Ferrando et al. 1998) .
A number of other studies failed to demonstrate a significant association between plasma HIV RNA and cognitive function. In a cross-sectional study, Reger et al. (Reger et al. 2005) found no significant correlation between plasma HIV RNA categories and performance (scores) within cognitive domains among 140 treatment-experienced patients. However, this study did not assess relationships with either individual domain or global cognitive impairment. In contrast, another cross-sectional study among 30 participants, mostly treatment-experienced, found a significant correlation with performance in tests of psychomotor speed (r = − 0.47; p value = 0.041), but no such association with the global cognitive function (Stankoff et al. 1999) . Similarly, in relatively small cross-sectional studies with mixed treatment-naïve and treatment-experienced participants, Ellis et al. (Ellis et al. 1997 ) and Robertson et al. (Robertson et al. 1998 ) reported a significant association between neurocognitive dysfunction and CSF HIV RNA, but not plasma HIV RNA levels. McArthur et al. (McArthur et al. 1997) , in a much larger cross-sectional study (N = 207), also showed similar findings. Furthermore, Ellis and colleagues in a longitudinal study of 134 mixed treatment-naïve and treatment-experienced patients demonstrated a strong association between baseline HIV RNA levels within the CSF and incidence of cognitive impairment or declining cognitive performance, but only a weak trend (p value = 0.08) for the association with plasma HIV RNA (Ellis et al. 2002) .
Overall, these studies show that levels of HIV RNA in both CSF and plasma prior to the initiation of cART, especially in the early stages of infection, may have significant predictive value for later occurrence of cognitive dysfunction. The increased risk for cognitive impairment may possibly be related to the level of patients' viral set point, known to be established soon after infection, and predictive of the clinical course of HIV disease and its sequelae (Henrard et al. 1995; Huang et al. 2012) . High plasma HIV RNA during acute HIV infection is associated with viral seeding into the CNS mainly through trafficking within mononuclear cells across the blood-brain barrier (Spudich and González-Scarano 2012) . Such early neuro-invasion may result in neuropathic effects and possible establishment of a CNS reservoir (Spudich 2013) . It is not known to what extent this early seeding of virus in the CNS leads to later development of cognitive dysfunction. However, it is likely that both Bautonomousî nfection within the CNS compartment progressing from early seeded virus and Btransitory^infection from recurrent seeding into the CNS throughout the course of chronic HIV disease contribute to the pathogenesis of HAND (Rausch and Davis 2001; Zayyad and Spudich 2015) . Early irreversible damage to the CNS, a legacy event, is thought to be partly responsible for the persistence of HAND in this era of cART (Brew and Chan 2014) .
With a unique study population, infected with different HIV strains in a resource-limited and high-burden setting, our findings essentially buttress the apparent consensus that plasma HIV RNA is not a strong predictor of cognitive dysfunction during antiretroviral treatment. On the contrary, it is generally agreed that CSF HIV RNA has a much stronger predictive value for HAND in the era of cART, although this is also attenuated when compared to findings among pretreatment patients (Nath et al. 2008) . The difference between plasma and CSF findings may be partly due to an apparent lag in response to cART by virus within the CSF, particularly for drugs with poor CNS penetration effectiveness (CPE). It may also be due to CNS viral escape and compartmentalization, resulting in Bautonomous^CNS infection despite systemic viral suppression.
The global associations we found in this study are largely driven by impairments in the speed of information processing, executive function, and verbal fluency cognitive ability domains. These are among the most frequently affected domains in HIV/AIDS (Reger et al. 2002; Woods et al. 2009 ), thereby providing some empiric evidence in support of our results.
The findings in this study, similar to others alike, may have significant implications for treatment, care, and prevention. There is a glaring need to intensify the implementation of strategies that foster early initiation of cART, retention in care, and optimal adherence. Accordingly, the World Health Organization's Btest and treat^policy recommendation (Camlin et al. 2016 ) may be invaluable towards ameliorating the burden of HAND (Sanford et al. 2018 ). This could be of paramount importance especially in resource-constrained settings, where late presentation and limited access to treatment remain formidable challenges.
This study has some limitations. About 30% of participants were lost to follow-up, and an even higher proportion had missing assessment at the last visit due to premature study close-out. However, those lost did not differ significantly from those retained by baseline impairment status or key clinical and demographic characteristics. Therefore, this was unlikely to have introduced significant selection bias. Another limitation is the lack of imaging studies for our participants, since occult CNS conditions undetectable by clinical neurological examination may confound our findings.
Among key strengths in this study is the substantially larger sample size available when compared to similar studies, resulting in increased power. Moreover, the repeated measures analysis framework utilized provided estimates for concurrent associations, potentially addressing the fluctuating nature of HAND with or without treatment, in addition to boosting the power of the study even further. To our knowledge, this is the first study from sub-Saharan Africa that comprehensively explored the association between plasma HIV RNA and cognitive performance, providing complementary evidence in support of earlier findings from other settings with different disease burden and HIV-1 subtypes.
Conclusion
In this study, we found a significant association between plasma HIV RNA levels and cognitive function in both baseline cross-sectional and repeated measures longitudinal analyses. Consistent with other reports, our findings appear to be driven by the strong association existing among antiretroviral treatment-naïve participants. This lends further support to the widely accepted proposition that while plasma HIV RNA is a valuable predictor of HAND among pretreatment patients, it may not be so in those already on cART. Therefore, studies are needed to identify other viral characteristics with strong predictive value for HAND among treatment-experienced patients. 
